The demonstration by Muller (1927) and Stadler (1928) that mutations could be experimentally produced by physical agents (X-rays) was one of the most fundamental biological discoveries. Definite proof of the mutagenic action evoked by chemical agents awaited the 1941 studies of Auerbach, published belatedly due to circumstances associated with World War II (Auerbach, 1951) .
Although Drosophila was the organism of choice in the original investigations, microorganisms were soon recognized as convenient tools for the study of chemical mutagenicity (Horowitz et al., 1946; Tatum, 1946; Witkin, 1947; Bryson, 1948) . Development of the mutational system employing the streptomycin-dependence locus by Bertani (1951) gave further impetus to systematic surveys of large numbers of chemicals for mutagenic activity on bacteria Hemmerly and Demerec, 1955) . The use of bacteria in mutational studies on carcinogens was reported in several papers (cf Scherr et al., 1954) . These studies demonstrated a close correlation between the carcinogenic effect in mammals and the mutagenic effect on bacteria, stimulating a wide interest in this field. Other fruits of this approach comprised the discovery of simple chemical substances capable of producing mutation within a wide range of concentrations in the absence of significant lethal effects (Demerec and Hanson, 1951) , and the demonstration of a rather significant correlation between the antineoplastic activity observed in animal tumor experiments and mutational effects as assayed with the bacterial system (Gellhorn and Hirschberg, 1955) . The subject is com-prehensively reviewed by Boyland (1954) and Burdette (1955) .
The present paper describes further simplification of the methods used for detection of mutagenic substances among pure chemicals and in complex natural substrates. The modifications introduced should pave the way for efficient large-scale surveys for these remarkable agents, which show pronounced direct or indirect effects on the hereditary constitution of the cell nucleus at relatively nontoxic concentrations.
MATERIALS AND METHODS Media. Difco nutrient broth (8 g per L) was employed in most of these studies. Solid media contained 2 per cent agar or 0.7 per cent agar (soft agar). Escherichia coli strain Sd4-73 was grown in nutrient broth containing 20 ,ug per ml of streptomycin, while its total count was scored on nutrient agar supplemented with 100 ,ug per ml of streptomycin. The minimal medium (7 g K2HPO4; 2 g KH2PO4; 0.5 g Na3-citrate.5H20; 0.1 g MgSO4*7H20; 2.5 g glucose; 20 g agar; 1 L distilled water) for scoring of reversions in the cystine locus was supplemented with 100 ,ug per ml of streptomycin.
Strain. The streptomycin-dependent, cystine-requiring strain Sd4-73 of Escherichia coli was obtained from Dr. M. Demerec of the Cold Spring Harbor Laboratories. It was reisolated and a subculture selected on the basis of a low background of spontaneous reversion in the streptomycin-dependence locus. This step was resorted to occasionally when the stock culture began to yield an increasing number of spontaneous revertants.
Principle of the methods. The methods employ the mutational system described by Bertani (1951) and subsequently used by for detection of bacterial mutagens. Their procedure consisted of treatment of a washed bacterial suspension for a definite period by the mutagen dissolved in distilled water, and plating the treated bacteria and also an untreated control suspension, at appropriate dilutions, on selective and nonselective media. If the streptomycin-dependent mutant of E. coli was employed, it was plated on nutrient agar containing streptomycin to ascertain the total count of bacteria, before and after treatment, and on streptomycin-free nutrient agar to assay the number of streptomycin nondependent mutants. This method yielded a quantitative measure of mutagenicity expressed as an increase in the proportion of streptomycin nondependent mutants in the population surviving the treatment, when compared with the spontaneous mutation frequency. In several subsequent studies, Demerec and others Hemmerly and Demerec, 1955; Glover, 1956) have consistently used the streptomycin-dependence locus and, upon comparison with the mutations in other loci, have found it to be a very reliable, sensitive, and convenient indicator of mutagenicity. The present studies with E. coli strain Sd4-73 confirm this conclusion. Furthermore, as will be described, the use of this locus permits study of the mutagenic properties of a great variety of products which contain nutrients capable of interfering with the mutagenicity assay involving many other loci. Bertani's (1951) In the present studies, the modification of the standard methods proceeded independently along two lines. The membrane method impinges the treated cells on Cellophane or Millipore3 membranes, thus avoiding the clumping error and still allowing a quantitative assay, with the mutagen concentration and the length of exposure as independent and controlled variables. The paper-disc method simplifies the assay still further and permits measuring on one plate the effect of a wide range of concentrations and exposure times, sacrificing, however, the independent control of variables and the quantitative aspects of the results.
The paper-disc method appears to be well-suited to the preliminary survey of a large number of mutagenic 3Millipore Filter Corporation, Watertown, Massachulsetts.
substances and materials suspected of containing mutagens. The following sections will describe the details of both methods and compare the results with a wide array of chemicals and antibiotics. The Paper-Disc Method A culture of E. coli strain Sd4-73 was prepared in nutrient broth containing 20,g per ml streptomycin by incubation overnight at 36 C with aeration. Aeration by shaking was found to be as suitable as forced aeration, contrary to the conclusions of Demerec (1954) . The culture was centrifuged, washed twice in distilled water to remove streptomycin (a compulsory step), and resuspended in saline to a concentration of approximately 109 cells per ml. The number of cells per plate was found to be critical, the yield of mutant colonies being reduced either by crowding or by insufficient population size. A 0.1 ml amount of this suspension was inoculated into 2.5 ml of soft nutrient agar (0.7 per cent agar) on a base of 20 ml of 2 per cent nutrient agar. The use of an additional plate seeded with a tenfold lower dilution is recommended. Seeding by layering with soft agar was found to give more uniform results than spreading the suspension over the surface of the medium. After the agar had set, but without much further delay, a sterile filter paper disc4 of a standard diameter of 12.7 mm was placed on the surface of the medium and moistened with 0.1 ml of a solution of the test chemical. Plates of nutrient agar containing 100 ,ug per ml of streptomycin could be seeded in parallel to give an indication of the size of the inhibition zone, if any, with the amount of the test chemical employed. Maximum expression of mutagenicity on streptomycinfree test plates was usually obtained when testing chemicals at concentration levels where a narrow zone of inhibition was demarcated around the disc on streptomycin-containing control plates. Aqueous solutions of test chemicals were used wherever possible. Acetone was the solvent for water-insoluble compounds, after it was determined that this solvent neither inhibited growth nor exhibited detectable mutagenesis. Solutions of unstable compounds were prepared just before testing. The large majority of compounds reported in this paper could also be assayed by placing a few crystals on the disc moistened with the solvent. In a large number of experiments using minimal agar, the cystine locus was found to be not sensitive enough to allow its application in the test. The use of minimal agar plus 10 ,ug per ml of cystine instead of nutrient agar gave equally good results, and occasionally even more clearly defined mutant colonies. However, since no remarkable advantages were gained with this medium, there appeared to be no reason for substituting it for a convenient routine medium such as nutrient agar. In any series of tests, it is an essential and reassuring meas-18ETHODS FOR DETECTION OF CHEMIICAL MUTAGENS ure to run controls for spontaneous mutation with discs moistened in sterile water or other solvent employed in the test. Petri dishes were incubated at 36 C for at least 5 days, at which time they were examined for mutant colonies. Positive results were characterized by the appearance of several colonies around the mutagensaturated discs on nutrient agar, while parallel mutagen-free plates exhibited no growth or significantly fewer colonies. The mutant colonies were arranged around the disc in a ring, the inner and outer radii of which were determined by the amount of mutagen, toxicity, rate of diffusion, and the range of effective mutagenic concentration. The above procedure and the described results can be visualized in figure 1. 1958] mutagens tested. The potency of the mutagen at a given concentration can be expressed as the ratio of the number of colonies on the mutagen-treated membrane to the number on the untreated control. In its present version, the membrane method permits testing only one concentration of the mutagen at one time. A tenfold range of concentration can be tested on one plate by applying the gradient-plate principle (Szybalski, 1952) .
RESULTS
Evaluation of the two methods described was made on the basis of comparison of the results with those obtained by an accepted method, in this case the standard method used extensively by Demerec and co-workers and described by Demerec and Hanson (1951) . A series of 36 substances, including known mutagens and other substances of suspected mutagenicity, were tested. Table 1 summarizes the results of a comparative survey of these 36 chemicals for mutagenicity by the three assay methods. Results obtained with manganous chloride (shown to be mutagenic by Demerec and Hanson, 1951) were not included in the present survey because, under the conditions of the experiments, it often became oxidized and precipitated in the form of a brown deposit. Some of the tests, however, where oxidation was not pronounced, gave an indication of a positive mutagenic response to manganous chloride.
Of the chemicals tested, seven proved to be decidedly mutagenic for E. coli by both the paper disc and membrane methods. Significantly enough, these seven compounds were the only ones found to be strongly mutagenic when tested by the method of Demerec et al. (1951) . The range of sensitivity of the two methods for these seven mutagens was determined (table 2). Both methods were found to be sensitive to low concentrations of the mutagens and the range of sensitivity was wide. Expression of the mutagenicity of the seven compounds was not affected by the presence of complex organic nutrients (Difco Penassay broth).
DIscuSSION
The two methods described have their main advantages in ease and simplicity. Neither of the methods in their present versions are fully quantitative but, with the use of proper controls, they do permit a semiquantitative analysis of results. Furthermore, the membrane method can be developed into a fully quantitative assay. Matney (1955) has used Millipore membranes for the quantitative determination of mutation rates to streptomycin resistance. It is more important that within a wide range of concentrations they have proved to be dependable methods for the detection of mutagens. The close correlation obtained in comparative studies with the method of shows that they are as reliable as the more cumbersome standard method for screening of potential mutagenic substances.
Though both methods described yield reliable results, one may be preferred over the other under certain conditions. The paper-disc method is to be recommended when only small quantities of the test compound are available, and when the substance being tested is not rapidly bactericidal at the test level and is readily diffusible in agar. For most purposes, this is the method of choice. It has certain features to recommend it apart from simplicity. It permits the exposure of the cells on a single Petri dish to a wide concentration range of the mutagen, within which the establishment of mutant colonies takes place. At each point in the vicinity of the disc, the concentration of the mutagen is a function of time, increasing at first as the mutagen diffuses through the agar, and subsequently decreasing due to further dilution of the limited supply concentrations both inhibitory and mutagenic for a of mutagen furnished by the disc. The time-concentralimited time only, permitting subsequent expression tion curve becomes flatter with the maximum shifted of mutation as colonial growth. Inasmuch as the bacto the right for points farther and farther removed from terial cells are fixed in the agar before the addition of the disc. Thus, points may exist where the drug is at the mutagen, clumping of the cells by the chemical 95 0 * The amount of substance used was adjusted to give a narrow zone of inhibition (Disc Method) or confluent growth (Membrane Method) on streptomycin-containing control plates. Where no inhibition was observed, the highest amount tested is reported.
t An approximate ratio of the number of colonies on the plate containing the mutagen-saturated paper disc to the number of colonies on the control plate. When induced mutant colonies form a definite ring around the paper disc, the figure for relative mutagenicity is multiplied by the ratio of the total area of the plate to the area of the growth of induced mutant colonies. A relative mutagenicity of 1 indicates a lack of significant mutagenic activity. cannot influence the assay. The membrane method, on the other hand, is designed to withdraw the cells from further contact with the mutagen after a definite period of time, thus enabling one to control and limit the possible toxic action of the chemical. This method, however, permits cells to be exposed to only a single concentration of mutagen per plate and generally requires a larger amount of the test chemical.
Both methods remain flexible and capable of a range of modifications depending on the exigencies of the situation. The paper-disc method, for instance, may conceivably be adapted for the study of synergism among mutagens, or possibly even antimutagenic activity. The sensitivity of the methods does not appear to be affected by the presence of complex constituents of nutrient media. Though this may not be true in all cases, the methods open the way to the examination of a variety of substances ranging from culture filtrates to chemicals of varying degrees of purity. It is significant that two of the seven compounds reported to be potent mutagens in this paper (2,5-bis(ethyleneimino)-benzoquinone and sulfocidin) were first found to be mutagenic by the paper-disc method.SUMMARY Two simple methods for detecting bacterial mutagens have been devised with the following application in mind: an efficient, large scale survey of pure chemicals and natural complex substances for mutagenic activity to serve as a guide for the study of carcinogenicity, and in the search for effective antineoplastic agents.
The change in the frequency of streptomycinindependent mutants in the streptomycin-dependent strain of Escherichia coli is utilized as a measure of mutagenicity. The substance is assayed for mutagenicity at a wide range of concentrations on a single plate employing the paper-disc method. The membrane method permits controlling the concentration and time of exposure to the drug. Both simplified methods were compared with the quantitative assay of Demerec and co-workers and found to yield closely correlated results. Seven out of 36 substances examined were markedly mutagenic; for two of them, 2,5-bis(ethyleneimino)-benzoquinone and the antibiotic sulfocidin, mutagenicity was ascertained for the first time by the paperdisc method. All of the seven substances, and several others shown by the described methods to be weakly mutagenic for E. coli, are known to be endowed with antineoplastic properties. Both methods have the particular advantage of being selective for mutagens with a high ratio of mutagenicity to toxicity.
